The Global Position System (GPS) may have poor performance in metropolitan areas where there is a terrible blocking effect for satellite signals. A different positioning system combination will increase the number of visible satellites and enhance the strength of the satellite geometry. The Japanese Aerospace Exploration Agency (JAXA) confirmed that the first quasi-zenith satellite (QZS) ''MICHIBIKI'' began providing positioning signals on June 22, 2011 (JST). The QZS system (QZSS) can provide compatible signals and has a better interoperability with GPS. Therefore, we used integration of the two systems to verify the changes in positioning performance. To demonstrate the positioning accuracy of the proposed methods, evaluations of the positioning performance using only the GPS system and the GPS þ QZSS system are conducted using real observation data in Shanghai. Three indicators are used to evaluate the positioning performance: the number of visible satellites (NVS), position dilution of precision (PDOP), and root mean square (RMS). Meanwhile, the results show that GPS augmentation using the QZSS improves the positioning performance for high elevation mask angles. Positioning availability increases more than 30% at 45 degrees, and by as much as 64% on day 3. The performance is more stable using the GPS þ QZSS.
Introduction
Both military and civilian services have higher expectations for availability of positioning accuracy for use in fields such as automotive navigation and airplane landing. The Global Positioning System (GPS) on its own provides limited availability and unstable reliability of positioning in mountainous terrain and urban canyons. This causes inconvenience for many people, especially those living in dense cities. This situation is caused by blocking of low elevation satellite signals resulting in an insufficient number of visible satellites. Japan's quasi-zenith satellite system (QZSS) is designed to improve this situation as a regional navigation system specifically for the Asia region. The QZSS constellation is composed of three satellites in orbit. Each orbital satellite has a single orbital plane. These satellites will be placed in highly elliptical orbit (HEO). They have a common ground track which looks like asymmetric ''8.'' Key parameters are a semi major axis of 42,164 km (average), an eccentricity of 0:075 AE 0:015, and an inclination of 43 AE 4 degrees. 1, 2) The first QZSS unit ''MICHIBIKI'' was launched in September 2010 from Japan.
3) Figure 1 shows the QZS ground track and the location of Shanghai and Tokyo. Due to the QZS broad track in the East Asian and Australian region, it will have an impact on the positioning performance in this area.
The Japanese Aerospace Exploration Agency (JAXA) confirmed that ''MICHIBIKI'' began providing positioning signals on June 22, 2011 (JST). 4) The QZSS provides six types of signals for users: L1C/A, L1C, L1-SAIF, L2C, L5 and LEX. C/A code on L1 for pseudorange measurement is used in this paper.
In early studies, before the ''MICHIBIKI'' launch, performance evaluations in Japan and the East Asian region for GPS with and without QZSS augmentation were obtained using a triple-frequency simulator. [5] [6] [7] [8] The simulator results showed that the QZSS can improve positioning performance in the local Japan area and most of the East Asian region. In the simulator, the navigation solutions and tracking errors were generated based on theoretical models to replace errors in the real environment such as ephemeris errors and atmospheric errors. However, some errors cannot be accurately predicted like multipath error or ephemeris error. Since the first QZS provided an available signal, some tests evaluated the overall real performance with real observed QZS data in Japan. 9) However, no evaluation test has been conducted using real data of GPS þ QZSS in China so far. Shanghai has a similar urban layout to that of Tokyo and other cities in Japan. However, the location is different relative to the ground track of the QZS. Therefore, to verify the QZSS performance in regions outside of Japan, we perform this experiment using real observation data in Shanghai.
In this paper, the analysis is mainly focused on comparing the positioning performance using the QZSS þ GPS system and only the GPS system in Shanghai. Different scenarios are investigated in this paper. The performance is not only evaluated for the default elevation mask angle, but also verified via simulation of severe ambient conditions through the optimum position dilution of precision (PDOP) selected. Three indicators are used to evaluate the positioning performance: the number of visible satellites (NVS), PDOP, and root mean square (RMS). 9 ,10) Figure 2 shows the framework of this experiment. There are four major tasks: 1) Collect data and convert data format.
2) Obtain NVS and PDOP from observation data and calculate RMS using the GPS þ QZSS and the GPS only.
3) The QZS retains high elevation when observed in Shanghai, so developing the optimum PDOP selected function to analyze positioning performance affected by the QZS. Choose four, five and six GPS satellites successively with the QZS to compare PDOP and positioning performance with that of all GPS satellites. 4) Evaluate positioning performance using only the GPS and the GPS þ QZSS. Figure 3 shows the antenna (top) and the receiver (middle) used in the experiment. A single frequency GPS/ QZSS receiver (OSQZSS-rk (SensorComm)) is used in this study. The receiver can obtain the GPS and QZSS L1 C/A code. The antenna of the receiver used (ANT-555) is made in Taiwan. Three worth of days real observation data in Shanghai is collected to evaluate the positioning performance. The lengths of the three data files are different. Table 1 shows detailed information about equipment, configuration and the time of observation data in this experiment. Due to a fault in the receiver, there is no observation data from 13:44:19 to 15:09:53 on day 2. The output rate of positioning data is set to 1 Hz to generate more statistical samples. The mask angle is set to 5, 15, 30 and 45 degrees to simulate different situations. 
Data Collection

QZS Track
Shanghai has similar urban conditions to many of Japan's cities and is located close to the QZS orbital region. Figure 4 shows the QZS skyplot observed in Shanghai (30 53 0 N, 121 53 0 E) on day 2. It can be seen from Fig. 4 that the QZS-1 track is an asymmetric figure 8. The azimuth ranges from 45 to 180 degrees. Figure 5 shows the temporal variation of elevation angle that varies from 8 to 78 degrees on day 2 in Shanghai. From the figure, we can see that the QZS stays for more than eight hours at an elevation of 70 degrees. If there are three satellites in orbit, at least one QZS will have its zenith over Shanghai. Figure 6 shows the signal-to-noise ratios (SNR) for the L1 signal of the QZSS and the GPS on day 2. Since the elevation angle of QZS-1 varies from 8 to 78 degrees, the output elevation of the two systems is set in this range. The GPS uses 31 satellites' observation data while the QZSS uses only one satellite's observation data. We can see from Fig. 6 that the C/A code signals of the GPS are 1-4 dB more powerful than the signal of QZS-1 (''MICHIBIKI'') over the elevation range.
Pseudorange Measurement
The GPS/QZSS receiver can receive the L1 C/A code with the SNR information. The distance from satellite to receiver is measured by the observation equation of Eq. (1).
where & s is the pseudorange, r is the geometric distance from satellite s to receiver u, tu and s t are the receiver clock error and the satellite clock error, respectively, I is the ionosphere delay on L1 frequency, T is the troposphere delay and " & is the noise on pseudorange. 11) In this study, the ionosphere delay is estimated using the Klobuchar model. The Klobuchar model has a relatively simple model formula. The required parameter can be obtained from broadcast ephemeris and the input data can be calculated conveniently for single frequency receiver. Subsequently the Saastamoinen model is used to estimate the troposphere delay.
The RTKLIB software is used to process observation data in this study. It is an open source program for GNSS positioning which can handle RINEX observation data for the GPS, GLONASS, Galileo and the QZSS. 12) Based on this open source, because of the QZSS high elevation feature, we added the optimum PDOP selection function to evaluate positioning performance with the QZSS and fewer GPS satellites. First, according to the different visible time of GPS, we choose all groups of four GPS satellites with one QZS. Finding the best group of PDOP with 4GPS þ QZSS, we then add one GPS satellite from the rest of the satellites, and find the best group of PDOP with 5GPS þ QZSS. According to the above method, we add another GPS satellite again, and find the best group of PDOP with 6GPS þ QZSS. All solution data is obtained in the stand-alone positioning mode in the next tests. Jan. 2014 Y. ZHANG et al.: Evaluation of Positioning Performance using the GPS þ QZSS in Shanghai
NVS
NVS is an important indicator of positioning performance since the positioning function can be used only when we receive more than four visible satellites. In this way, more visible satellites mean more positioning functions, and the solution can be improved. Thus, NVS is related to the positioning availability. Table 2 shows the NVS and positioning availability for different mask angles. The NVS using QZSS þ GPS has approximately one more satellite on average than only the GPS system on the three days. As mask angle increases, the availability improves greatly. At 45 degrees, the improvement using GPS þ QZSS reaches approximately 32.3% on day 1, 36.2% on day 2, and 64% on day 3. We can conclude that the augmentation system using QZSS greatly benefits positioning availability in Shanghai, especially with high mask angle.
PDOP
In Eq. (1), r represents the distance from satellite s to the receiver as shown in Eq. (2) . Linearizing the nonlinear equations, we obtain Eq. (3) as follows. 
where G is the geometric matrix, b is the vector of predicted minus actual code measurement, Áx, Áy, Áz are the position error between adjacent observation time, Á t is the receiver clock error, " & is the vector of measurement error and " x , " y , " z , " t are the positioning error caused by " & . PDOP is the indicator of positioning accuracy. PDOP depends on the weight coefficient matrix, H ¼ ðG T GÞ À1 . It is the mathematical quality of solutions predicted by calculating the position of each satellite relative to other satellites in the constellation. The smaller value indicates a higher probability of better satellite geometry position and more accurate positioning performance. The standard deviation of positioning error in space depends on the PDOP, as in Eq. (4).
where ' URE is the standard deviation of range measurement error and ' P is the standard deviation of three-dimensional space positioning error.
14) Figure 7 shows the temporal variations of PDOP and NVS using only the GPS and the QZSS þ GPS with different elevation mask degrees on day 2. The left longitudinal axis represents the strength of PDOP as shown by the black line. The right longitudinal axis shows the NVS as shown by the gray line. There is no PDOP value for which NVS is less than 4. The PDOP does not show a significant improvement for parts (a) and (b) at 5 degrees. The improvement of PDOP can be seen in parts (c) and (d) when the QZS is visible and the NVS is small. The improvement is magnified in (e), (f), (g) and (h) with the increasing mask angle. It can be seen that there is not only improvement in PDOP, but also improvement in availability after integrating the QZS. Table 3 lists the minimum, maximum and mean of PDOP in two systems at different mask angles on day 2. Only a PDOP of less than 10 is used. The PDOP always becomes larger with increasing mask angle and the value of the GPS only is always larger than GPS þ QZSS. The maximum of PDOP reaches the available PDOP boundary of 10.00 in GPS only on day 1 and day 2.
Accuracy and Precision
Accuracy and precision represent the strength of system measurement error and random measurement error. Precision reflects the stability of positioning performance. Accuracy can be estimated by the measurement results minus actual location and precision can be calculated by RMS of positioning results. Small values represent stable positioning performance. [15] [16] [17] Figure 8 shows positioning errors and random errors between positioning points and real location epoch with different mask angles in latitude, longitude and height on day 2. Black points show the results using GPS þ QZSS and grey points represent the results using GPS only. The black points are completely covered by gray points from (a) and (b). This indicates no obvious difference in availability between using the GPS þ QZSS and using the GPS only at 5 and 15 degrees. In (c) and (d), there are clearly more black points than grey points. This indicates that available positioning time is obviously improved after integrating the QZS for higher mask angles. The QZSS can improve positioning performance in urban situations. Table 4 lists the variations of RMS with different mask angles in latitude, longitude and height in three days. As for the analysis results of PDOP, accuracy can be improved for different mask angle cases. The accuracy improves greatly as mask angle increases. Due to the asymmetric distribution of visible satellites relative to the ground in three-dimensional space, the RMS value of height is always larger than the value of latitude and longitude, and the RMS value of longitude is lowest. The positioning performance becomes unstable and the difference of RMS between the QZSS þ GPS and the GPS becomes larger with increasing elevation mask angle in the two systems. RMS error using the QZSS þ GPS in three directions is less than using only the GPS. It indicates that using this augmentation system positioning is more stable.
Optimum PDOP Selected with QZSS
From the above depiction, we can see that QZS has high elevation (>70 degree) in Shanghai for more than eight hours. It gives us chance to get better positioning performance with the QZSS and fewer GPS satellites. We added the optimum PDOP selection function to evaluate positioning performance with the QZSS and fewer GPS satellites. Figure 9 shows the process of the optimum PDOP selected with the QZSS from the epoch of 5:30 to 7:00 (GPST) on day 3. There are nine visible GPS satellites with PRN numbers of 2, 4, 5, 7, 8, 10, 15, 26 and 29. We remove the PRN 7 satellite because its elevation ranges from 5 to 13 degrees during the chosen time. First, according to the different visible time of the GPS satellites, we choose 23 groups of four GPS satellites from all visible satellites to integrate with the QZSS. The optimal combination in PDOP from 23 groups is the group with PRN numbers of 4, 8, 15 and 29 with QZSS. Then, we add one GPS satellite from the rest of the satellites and calculate the PDOP value. The suitable GPS satellite number is 5. According to the Jan. 2014 Y. ZHANG et al.: Evaluation of Positioning Performance using the GPS þ QZSS in Shanghaiabove method, we add another GPS satellite again and obtain a GPS satellite number of 26. Figure 10 displays temporal variations of the PDOP with four kinds of GPS þ QZSS combinations (GPS ALL, . We then analyze the horizontal deviation and vertical deviation with these four combinations during this time. Figure 11 shows the horizontal and vertical deviation with four kinds of GPS þ QZSS combinations (GPS ALL, QZSS þ 4GPS, QZSS þ 5GPS, QZSS þ 6GPS) from 5:30 to 7:00 (GPST) on day 3. The black line illustrates the deviation of all GPS satellites and gray line shows the deviation of the QZS with different numbers of GPS satellites. The horizontal deviation and vertical deviation of QZS þ 4GPS is larger than all GPS satellites in the first figure. These deviations decline as the number of GPS satellites increases and QZS þ 6GPS is close to all GPS satellites. Even the horizontal deviation of QZS þ 6GPS is less than all GPS satellites from 6:20 to 6:30 (GPST). Table 5 lists the RMS of latitude, longitude, height and horizontal from 5:30 to 7:00 (GPST) on day 3 and illustrates the changes in details. Notably, the deviation of QZS þ 6GPS is better than all GPS satellites in the RMS of the horizontal deviation. It indicates that positioning results of the QZS combined with suitable fewer numbers of GPS satellites can be close to or better than all GPS satellites.
Conclusion
This paper described a numerical analysis of the positioning performance using the GPS þ QZSS in Shanghai. The positioning performance was analyzed for different scenarios of the GPS only and the GPS þ QZSS system. The QZS remained at over 70 degrees for more than eight hours on all measurement days. Comparing the positioning performance using the GPS þ QZSS and the GPS only, the results indicated that positioning availability using GPS þ QZSS was better than only the GPS system in NVS, PDOP and accuracy, especially for high mask angle. It can be concluded that GPS augmentation using the QZSS improves the availability and stability, especially under the urban environment in Shanghai. Due to its high elevation, the QZS Jan. 2014 Y. ZHANG et al.: Evaluation of Positioning Performance using the GPS þ QZSS in Shanghaican retain a stable high-quality positioning signal. The suitable fewer number of GPS satellites integrated with the QZS can attain approximately the same or better positioning performance than that of all GPS satellites. This means that the QZS not only increases the selectively of visible satellites, but also possibly improves positioning performance in harsh environments.
In the future, we will carry out more tests to evaluate Real-time-kinematic (RTK) performance with several GPS/QZSS receivers in more big cities in China.
